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annealing process, all wafers were cut into pieces of 1 ϫ 1 cm square for defects delineation with preferential chemical etching. Before the etching, the samples were dipped in flowing deionized (DI) water for 5 min to remove particles which may adhere to the surfaces of the samples that could disturb the etching results. The samples were etched in a preferential etching solution, which consists of one part by volume of 0.15 M CrO 3 in DI water and two parts by volume of HF (49%). The etching time ranged from 10 s to several minutes.
During the etching process, the samples were properly agitated in the etching solution to prevent gas bubbles from gathering on the sample surfaces, which could disturb the etching results. After the etching, the samples were dipped in flowing deionized water for 5 min. For comparison, wafers without high-energy ion implantation were also processed in the same etching scheme; samples derived from these wafers are designated as control samples hereafter. Scanning electron microscopy (SEM) was used to observe the surface Figure 2 . SEM micrographs showing top view (left) and cross-sectional view (right) of boron ion implanted samples etched in preferential etchant for 10 s; the boron ions are implanted to a dose of 3 ϫ 10 14 cm Ϫ2 at an energy of (a) 0.5, (b) 1, and (c) 2 MeV. S0013-4651(00)01-011-9 CCC: $7.00 © The Electrochemical Society, Inc. morphology as well as the cross-sectional microstructure, and secondary ion mass spectroscopy (SIMS) was used for elemental depth profile measurement. The transport of ions in matter (TRIM) was used to simulate the distribution of defects. Figure 1 shows the top view and cross-sectional view SEM micrographs for the control sample etched in preferential etchant for 10 s. The substrate surface is very smooth, except that there are visible white mounds on the top view, which are the artifacts formed in the CrO 3 /HF etching solution. 21 Figure 2 shows the top view and cross-sectional view SEM micrographs for the high-energy ion implanted samples that were preferentially etched for 10 s. It is found that all samples show a very smooth surface except for the appearance of the white mound artifacts. However, there are obvious bands of striation in the cross-sectional view; the distances from the top of striations to the etched substrate surfaces were measured to be 0.64, 1.00, and 2.16 m, respectively, for the samples implanted at energies of 0.5, 1, and 2 MeV. Figure 3 shows the cross-sectional view SEM micrographs for the high-energy ion implanted samples that were preferentially etched for 50 s; it is found that the width of the striations increased with the etching time. Prolonged etching removed a thicker layer from the Si wafer and the etching rate was determined to be about 0.6 m/min. The SEM micrographs in Fig. 4 show the surface morphologies of 0.5 MeV implanted samples after preferential chemical etching for 50 and 140 s, which correspond to a removal of a 0.5 and 1.4 m thick surface layers, respectively, from the Si wafer. A large number of etching pits appear on the surfaces of the etched samples. For the sample etched to remove a 0.5 m thick surface layer, the etching pit has a density of 2.6 ϫ 10 5 cm Ϫ2 and the size of the etching pits is about 0.72 m (Fig. 4a) . As the sample was etched to remove 1.4 m thick surface layer, the density of etching pits increases to 6.0 ϫ 10 6 cm Ϫ2 while the size is measured to be about 0.63 m (Fig. 4b) . Figure 5 and 6 show, respectively, surface morphologies of the 1 and 2 MeV implanted samples that were etched in preferential etchant for various times. Etching pits, similar to those found on the 0.5 MeV implanted samples, appeared on the etched surface. For the 1 MeV implanted sample, removal of a 1 m thick surface layer by the preferential etchant revealed etching pits with a density of 7.4 ϫ 10 4 cm Ϫ2 and a pit size of about 1.2 m (Fig. 5a) . We found an increasing density of the etch pits as the etching time was increased. After a preferential etch of 4 min, which corresponds to a removal of 2.4 m thick surface layer, the density of etch pits was increased to 4.9 ϫ 10 6 cm Ϫ2 (Fig. 5b) . Similar observation was obtained on the 2 MeV implanted samples (Fig. 6) . The 4.4 min etched sample, which corresponds to a removal of 2.6 m thick surface layer, revealed etch pits with a density of 5.3 ϫ 10 6 cm Ϫ2 . The density of etch pits increases with increasing etching time. The etch pits distribution as well as the boron concentration profiles of the boron ion implanted sampled are illustrated in Fig. 7 .
Results

Discussion
Chemical etching of the silicon surface is determined by two basic reactions: oxidation of silicon and the following dissolution of the oxide. Consequently, typical etchants contain a strong oxidizing agent in association with hydrofluoric acid that dissolves the oxides of silicon. Chemical etching for defect delineation depends upon the property that the oxidation rate of the silicon at the site of the defect is significantly different from that at defect-free regions of the crystal. The oxidation rate at the defect is greater than that of the surrounding region, giving rise to etch pits that can be clearly observed. 25 The formation of a dislocation pit arises mainly from the strain field associated with a dislocation and/or impurities segregated at a dislocation. The strain field and/or the impurity segregation produce a surface potential difference between the site of a dislocation and the surrounding perfect crystal, which in turn causes a difference in the etching rate. During the process of etching, HF dissolves silicon oxide when the silicon surface is oxidized by CrO 3 . In the present 
work, etch pits of dislocation were found to be oriented in the [110] direction, similar to those reported in literature. 7, 8, 10 Figure 7 shows the boron concentration profiles and the etch pits distribution in the boron ion implanted samples; also shown are hatched areas, which represent the ranges of striation bands found in Fig. 2 from the cross-sectional view SEM micrographs. This indicates that the bands of striation in the cross-sectional view SEM micrographs correspond to the regions of dislocation defects, which were delineated as the etch pits by the preferential etchant. It is found that the bands of striation appeared as the etch pits reached a density of about 10 6 cm Ϫ2 . The calculated damage profiles using the TRIM simulation are illustrated in Fig. 8 along with the observed etch pits distributions and the ranges of striation bands (i.e., the hatched areas), as shown in Fig. 7 . We found that the depth profiles of the observed etch pits and that of the implantation-induced damage are closely correlated.
Conclusion
This work investigates the secondary defects induced by highenergy boron ion implantation using a preferential chemical etching method. The dislocation defects can be clearly delineated by the etchant of CrO 3 /HF mixing solution. Moreover, a band of striations corresponding to the region of dislocation defect density in excess of about 10 6 cm Ϫ2 can be observed from the cross-sectional view SEM micrographs. For the high-energy boron ion implantation to a dose of 3 ϫ 10 14 cm Ϫ2 at energies of 0.5 to 2 MeV studied in this work, the defect density is estimated to be in the order of 6 ϫ 10 6 cm Ϫ2 . Furthermore, we found a close correlation between the depth profiles of the observed etch pits and that of the implntation-induced damage. 
